Summary Above-and belowground phenology and water relations of Enterolobium cyclocarpum Jacq. trees in the dry forest of Santa Rosa National Park, Costa Rica were studied during two consecutive phenological cycles, from November 1998 to June 2000. Aboveground phenological activity, including leaf shedding, growth and maturation of dormant fruits, new leaf flushing and flowering, occurred during the dry season. Measurements of leaf water potential, stomatal conductance and sap flow indicated that stomata of newly flushed leaves remained essentially closed until the onset of the first rains, suggesting that the main factor accounting for the favorable water balance of dry-season flushed leaves was their capacity to restrict water loss. Evidence of a contribution from stem and root water stores to shoot expansion was mixed because only the first dry-season flushing episode monitored was accompanied by a marked decrease in stem and root water potentials. Fine root production did not precede leaf flushing, occurred only after the onset of the rainy season and stopped under drought conditions, suggesting that soil water content was the most important variable controlling fine root dynamics in this species.
Introduction
Neotropical dry forests are dominated by deciduous tree species that coexist with a small number of brevi-deciduous and evergreen species (Borchert 1994a , 1994b , Medina 1995 , Murphy and Lugo 1995 . Many of these deciduous trees shed their leaves just before the end of the wet season and expand new leaves late in the dry season (Nielsen and Muller 1981 , Borchert 1982 , Lieberman and Lieberman 1984 .
Despite the severity of drought, much vegetative growth and reproductive activity occurs during the dry season, with a substantial fraction of tropical dry forest trees flowering and fruiting during the rainless period (Janzen 1967 , Daubenmire 1972 , Frankie et al. 1974 , Lieberman 1982 , Bullock and Solís-Magallanes 1990 , Van Schaik et al. 1993 , Borchert 1994b , Williams et al. 1997 ). Some tree species, which shed their foliage apparently in response to drought, produce a full crown of leaves before the onset of the rainy season (Daubenmire 1972 , Mora 1990 , Bullock and Solís-Magallanes 1990 , Borchert 1994b .
One question raised by the phenomenon of dry-season leaf flushing is the source of water that permits new leaf expansion. Deep roots may access water during the dry season (Nepstad et al. 1994 , Burgess et al. 2001 , Oliveira et al. 2005 ; however, if trees that flush during the dry-season are deep-rooted, it raises the question of why they are deciduous rather than leafexchanging or brevi-deciduous. An alternative to the soil as a water source to support dry season leaf production is the stem (Borchert 1994a , 1994b , Williams et al. 1997 ; however, tropical dry forest trees with high stem water contents show typically conservative water-use behavior and are among the first to lose their leaves with the onset of the dry season, suggesting that they lack the water storage capacity necessary to sustain leaves during the dry season Medina 1992, Holbrook 1995) . Even species with extremely succulent stems lack sufficient stem capacitance to support high rates of transpiration for long periods (Tyree et al. 1991 , Goldstein et al. 1998 . Thus, leaves produced during the dry season must either be supplied by deep soil-water reserves or have low rates of water loss.
Whether dry-season leaf flushing is mirrored or preceded by the growth of belowground meristems is unknown. Fine root growth in tropical dry forests, which shows strong seasonal variation, seems to be opportunistic and is sensitive to hydrological regime (Cuevas 1995 , López et al. 1998 , Yavitt and Wright 2001 . In some studies, seasonal variations in soil water content and temperature explain 67-87% of the seasonal variability in root biomass (Singh et al.1984 , cited by Cuevas 1995 ; however, data on patterns of fine root production in relation to aboveground phenology in seasonally dry tropical forests are scarce, and there is no information on early flushing tree species.
Little is known about the proximal and ultimate factors responsible for dry-season leaf flushing. Endogenous rhythms (Medina et al.1985, Fournier and Fournier 1986) , changes in meristematic activity (Borchert 1994a (Borchert , 1994b or tree carbon balance (Braun 1984) and environmental variables such as soil water content Borchert 1982, 1984) , photoperiod (Nielsen and Muller 1981 , Bullock and Solís-Magallanes 1990 and air temperature oscillations (Fournier 1974) have been cited as possible triggers of dry season leaf production. Dry-season leaf flushing may confer an adaptive advantage by expanding leaves when herbivore pressure is low (Aide 1988 (Aide , 1992 or when there is little leaching of nutrients from leaves lacking a fully developed cuticle (Monasterio and Sarmiento 1976, Goldstein et al. 1989) . It is also possible that dry season leaf production is not adaptive, but occurs as a consequence of selective pressure on other shoot activities such as dry-season flowering or fruiting.
The goal of this study was to characterize the dry-season leaf flushing and water relations of Guanacaste trees (Enterolobium cyclocarpum Jacq.). To this end, we documented above-and belowground phenological patterns, leaf and stem water relations and sap flow rates at different times during the phenological cycle.
Materials and methods

Experimental site and environmental data
The study was conducted in the tropical dry forest of Santa Rosa National Park, Guanacaste, Costa Rica (10°30′ N, 85°10′ W, 250 m a.s.l.) from November 1998 to June 2000. A combination of automated sensors (air temperature probe, anemometer, rain gauge; Campbell Scientific, Logan, UT) and mechanical hygro-thermographs (Wilh. Lambrecht GmbH, Göttingen, Germany) was used to collect environmental data at the site over a 20-month period. Air temperature was recorded every 10 min and averaged daily, precipitation was recorded daily, and wind speed was recorded every 30 min. These data were confirmed by measurements recorded at a nearby meteorological station.
The soil at the field site was an Ustic haplustalf with a deep clay-loam profile, a pH around 6 and a low organic matter content (< 4%). Soil water content was determined with a time domain reflectometer (TDR; model 1502B, Tektronics, USA) every two weeks at two depths (30 and 60 cm) in eight locations at the study site (Topp et al. 1980) .
Aboveground phenology
Aboveground phenological observations were carried out on 20 adult Guanacaste trees located near the La Casona National Monument in Santa Rosa National Park. The trees were about 40-m tall and had a diameter at breast height (DBH) of 1 to 1.5 m. Phenological observations were carried out every 2 weeks, and daily during important phenological phasechanges, as proposed by Fournier (1974) . In Fournier's method, the intensity of leaf production and shedding, flowering and fruiting are recorded on a scale from 0 to 4, where 0 represents the absence of the phenological phenomenon evaluated, and 1, 2, 3 and 4 represent its occurrence in 1-25, 26-50, 51-75 and 76-100% of the tree crown, respectively.
Fine root density and belowground phenology
Measurements of fine root (< 2 mm in diameter) density and phenology were conducted from February 1999 to January 2000. Before beginning these measurements, the morphology and appearance of the fine roots were characterized. Four trees were selected and their roots followed to the finest roots detectable. Fine roots were characterized according to color, texture, firmness, flexibility, taste and resistance to bark removal. This allowed us to distinguish fine roots of the target species from those of herbs and shrubs growing in the vicinity. Preliminary observations on the distribution of fine roots under the crowns of four Enterolobium cyclocarpum trees revealed no differences in fine root density as a function of distance from the tree, but showed significant differences in fine root density between depths.
Fine root samples were collected monthly from under the crowns of eight adult trees (about 1.5-2 m from the trunk) at three depths (0-7.5, 7.5-15 and 15-30 cm) with a soil auger (AMS 77454 slide hammer, AMS, ID) that retrieved a cylindrical sample of~295 cm 3 . Fine roots were washed and screened two or three times until all soil aggregates were completely disintegrated and individually classified as alive or dead. Live fine roots were turgid and firm but flexible. Dead fine roots were flaccid, brittle and blackish and had easily removable bark. Young fine roots were clear in color and turned progressively darker as they aged. The viability of live roots was confirmed by the triphenyl-tetrazolium chloride bioassay (Joslin and Henderson 1984, Clemersson 1994) . Fine root density in soil (cm cm -3 ) was calculated based on root length data obtained by a grid method (Böhm 1979) . Parental rocks at the study site, which were found about 95 cm below the soil surface, largely determined the maximum rooting depth.
Tree water relations
Predawn and midday leaf water potentials ( Ψ L ) were determined with a pressure chamber (Model PMS-100, PMS, Logan, UT) following the procedure described by Ritchie and Hinckley (1975) . Four young, fully expanded leaves were obtained from each of six trees. The leaves were sampled from branches pointing to each of four cardinal points, enclosed in plastic bags immediately before excision, transferred to a cooler and kept in the sealed bags in the dark for no more than two hours before Ψ L was measured.
Water potentials of stems (Ψ stems ) and coarse roots (Ψ roots ) were measured by the Shardakov dye method (Knipling 1967) . Samples of stem and coarse root tissues were obtained from five trees with an 8 mm-diameter corer, placed in sucrose solutions of known water potential (-0.1 to -0.7 MPa) and allowed to equilibrate for 2-4 hours, after which the tissue sam-ples were removed and the test solutions faintly colored with safranin dye (1%). With a micropipette, drops of the test solutions were placed in a parallel series of vials containing control sucrose solutions and the vertical displacement of the drops recorded.
Stomatal conductance (g s ) was measured every 2 weeks with a steady-state porometer (Model LI-1600, Li-Cor, Lincoln, NE) on four fully expanded fully exposed leaves selected from each of five trees. Leaves for the g s measurements were obtained from trees growing within about 200 m of each other. Measurements were made six times daily from 0600 to 1500 h.
Sap flow measurements
Mean sap flow (V; cm s -1 ) was measured by the heat dissipation method (Granier 1985) . Temperature probes were built from stainless steel hypodermic needles (0.158 × 3.81 cm). One probe of each pair was heated by passing an electrical current through an inserted length of highly resistive wire. The current was set to dissipate 0.2 W. The temperature difference between the heated and unheated (reference) probe (∆T ) was determined with a copper-constantan thermocouple. The ∆T values were recorded every minute and averaged every 30 min with a data logger equipped with a multiplexer (Model AM416, Campbell Scientific). Measurements were made from September 1999 to April 2000.
When sap flow is zero, the temperature difference between the temperature probes is maximal (∆T max ). Granier (1985) reports an empirical relationship that calculates V as:
where K is a dimensionless parameter: K = (∆T max -∆T )/∆T. Sap flow was transformed to sap flux according to:
where F s is sap flux (ml h -1 ) and A s is the conducting area of the xylem (cm 2 ). Conducting sapwood and heartwood in stems of E. cyclocarpum trees are markedly different and can be easily differentiated. Trees with DBH of 0.75-1 m typically had 2-2.5 cm of conducting sapwood, which was whiter and lighter than the heartwood, which was harder and heavier and had a different smell.
Statistical analyses
Soil water content ( Ψ soil ), Ψ L , Ψ stem and g s measurements obtained throughout the day and the phenological cycle were subjected to analysis of variance (ANOVA) for repeated measurements through time (Potvin et al. 1990 ) using general linear models (Little et al. 1992) . This enabled us to analyze the behavior of leaves and stems of different trees at different times of day (morning versus afternoon) and throughout the phenological cycle. Fine root density data were analyzed by regression analysis of general linear models for systematic sampling. Replicates (trees) were analyzed for treatment effects (sampling depth) at different times during the phenological cycle.
Results
Microclimatic conditions
Microclimatic conditions during the study were characterized by seasonal patterns of rainfall and soil water content (Figure 1) . The 1998-1999 dry season extended from mid-December to mid-April, and the 1999-2000 dry season extended from early December to early May. No rain fell during the last two months of either dry season. The onset of the rainy season was marked by heavy rainfall events. Total annual rainfall was 2180 mm in 1998 and 2767 mm in 1999. The rainy season of 1999 was characterized by the occurrence of a powerful tropical storm (Figure 1) .
Air temperature and wind speed also showed seasonal fluctuations (Figure 1 ). Mean annual air temperature was 24.8°C with a maximal annual variation of 6°C. Maximum air temperatures (27-28°C) were observed at the end of the dry season, and minimum air temperatures were recorded in December and January. Low wind speeds characterized the rainy season, but the onset of the dry season coincided with increased trade-wind speeds. Wind speed was highest during the early dry season in December and remained high throughout February.
Soil water content showed significant variation both seasonally (P < 0.05) and between different soil depths (P < 0.05). ter content than deeper soil layers (30-80 cm), especially during the dry months (Figure 1 ) when Ψ soil of shallow soil layers fell below the permanent wilting point threshold (< 1.5 MPa).
Aboveground phenology
Aboveground meristem activity of the study trees was concentrated in the dry season ( Figure 2 ) and did not seem to be regulated by soil water content. Leaf shedding started before the end of the rainy season, when soil water content was high (Figure 1) , and continued during the first half of the dry season. Leaf shedding was followed by the rapid development and ripening of fruits initiated during the previous dry season. The trees remained leafless for about 5 weeks until shoot extension, and leaf flushing took place in a single, well-defined episode in the late dry season, about 2-4 weeks before the onset of the rainy season (Figure 2 ). The timing of dry-season leaf flushing differed between study years, starting 22 days earlier in 2000 (March 14) than in 1999 (April 16). Shoot extension and leaf flushing were accompanied by the production of flowers and small fruits whose growth was arrested until the subsequent dry season. Fruit development was scarce during the reproductive episodes observed.
Belowground phenology
Most fine root activity was located in the upper layers (0-7.5 and 7.5-15 cm) of the soil profile (data not shown). Fine root density seemed to be influenced by rainfall distribution (Figure 3 ) and showed significant variations (P < 0.05) throughout the year. Temporal variations in live and dead fine root density were more evident in the shallow (0-15 cm) soil layers than in the deeper (15-30 cm) soil layers (P < 0.05; Figure 3 ). Dry-season leaf flushing and fine root standing biomass were not coupled in this species. The highest live fine root densities were observed during the second half of the rainy season. The density of dead fine roots in shallow soil layers increased steadily during the second half of the rainy season, and peaked during the early dry season in April 2000, in parallel with sharp reductions in the density of live fine roots. Densities of both live and dead fine roots remained low throughout the dry season (December to May). Fine root biomass did not track leaf flushing closely, although a small increase in live fine root density occurred with the first leaf flushing episode.
Leaf water relations
Seasonal patterns of Ψ L were characterized by significant differences (P < 0.05) between sampling dates and times (predawn and midday; Figure 4 ). Predawn Ψ L in mature leaves declined during the dry season, reaching values of less than -1.5 MPa. However, new leaves produced during the dry season exhibited higher Ψ L values (-0.7 to -1.0 MPa).
Leaf g s did not vary significantly during the course of the day (data not shown), except for measurements obtained in December 1999 and June 2000 (P < 0.05), but showed significant variation among sampling dates (P < 0.05; Figure 5 ). The lowest g s values ( < 75 mmol m -2 s -1 ) were measured in recently flushed leaves, before the onset of the rainy season. Mature leaves (2-to 9-months old) had the highest g s values (~500 mmol m -2 s -1 ) during the rainy season and, in the case 1564 ROJAS-JIMÉNEZ, HOLBROOK AND GUTIÉRREZ-SOTO TREE PHYSIOLOGY VOLUME 27, 2007
Figure 2. Aboveground phenology of Enterolobium cyclocarpum trees growing in the dry forest of Santa Rosa National Park, Costa Rica. Phenological activity was evaluated based on a semi-quantitative scale (Fournier 1974) . Each value is the mean ± SE of 20 trees evaluated at 2-week intervals, and daily during important phenological phase changes, from November 1998 to June 2000 . The vertical arrow in the leaf shedding panel indicates a severe herbivory event. 
Stem and coarse-root water potential
Water potentials of stems and coarse roots varied significantly (P < 0.05), with Ψ stem typically lower than Ψ root (Figure 6 ). Reductions in Ψ stem and Ψ root were observed during the dry-season leaf flushing event in April 1999, but not in 2000. During the 1999 dry-season leaf flushing event, Ψ stem and Ψ root declined from values greater than -0.3 to less than -0.5 MPa (Figure 6 ).
Sap flux
Diurnal sap flux varied with season and phenological stage (Figure 7) . During the rainy season, when trees had access to abundant soil water, sap flux followed the course of solar radiation and continued into the night, indicating replenishment of tissue water stores (data not shown). In contrast, sap fluxes were reduced during the dry season due to reduced total leaf area, fine root density and soil water content (Figure 7) . In most of the diurnal courses measured (n = 20), sap fluxes during dry-season leaf flushing near the end of the dry season TREE PHYSIOLOGY ONLINE at http://heronpublishing.com Granier (1985) . Data were obtained during the dry season (January 21), shortly after the early flushing event (April 2) and during the rainy season (October 14) in 1999. Total daily sap flux on these dates was 22, 67 and 280 l day -1 , respectively.
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http://treephys.oxfordjournals.org were similar to those measured during the preceding dry season months, indicating that the dry-season flushed canopy transpired little water (Figure 7 ).
Discussion
Enterolobium cyclocarpum produces a new canopy of leaves near the end of the dry season, about 2-4 weeks before the onset of the first rains. Dry-season leaf flushing occurred under conditions of severe drought and was accompanied by flower differentiation, anthesis and fruit initiation. Furthermore, there was an increase during the dry season in stem-specific conductivity and xylem water transport capacity resulting from the production of new wood (Brodribb et al. 2002) . Most stages of aboveground phenological development in E. cyclocarpum occurred during the dry season. Leaf shedding started before the cessation of rains when soil water content was relatively high, suggesting that leaf shedding could have been triggered by atmospheric drought. Loss of xylem water transport capacity has been linked to reduced photosynthetic performance and leaf abscission in several coexisting dry forest trees in Santa Rosa, and divergent patterns in hydraulic responses to drought have been observed among species and phenological habits .
Rapid growth and maturation of dormant fruits set during the preceding dry season followed leaf shedding. Thus, leaf shedding may facilitate the reallocation of resources to fruit and seed development during the dry season (Janzen 1967 , Frankie et al. 1974 , Medina et al. 1985 , Van Schaik et al. 1993 . However, the event of fruiting was extremely scarce during the two years of observation, perhaps as a result of substantial herbivory before the beginning of our study.
Leaves produced during the dry season apparently transpired little because of low g s . This was indicated by the absence of a significant reduction in Ψ L between predawn and midday, which remained higher than Ψ L of recently shed old leaves. Direct measurement with a steady-state porometer confirmed that g s of newly flushed leaves was low. Consistent with low g s values, hydraulic conductance of shoots bearing new leaves was initially near zero (Brodribb et al. 2002) . Rapid increments in the hydraulic capacity of young branches and in the photosynthetic activity of dry-season flushed leaves were observed following the first rains .
Sap flux measured during leaf production was similar to that observed during the preceding dry season. Increased sap flux during the late afternoon may have reflected refilling of stem water reserves depleted during the day. This is consistent with the low hydraulic conductance of young branches , was observed in most of the diurnal courses that we measured (n = 20) and is an example of capacitance-induced lack of correlation between g s of leaves and trunk sap flow measurements. These results are further supported by other studies (Brodribb et al. 2002) showing that the photosynthetic capacity of recently expanded leaves of E. cyclocarpum, measured as the electron transfer rate of photosystem II, remains low (about 50-100 µmol m -2 s -1 ) until the onset of the rains, after which it increases to~250 µmol m -2 s -1 . Evidence that stem and root water stores contributed to dry-season leaf flushing in this species was mixed. In 1999, but not in 2000, dry-season flushing was accompanied by a marked decrease in stem and coarse root water potentials. Daubenmire (1972) also reported a reduction in stem diameter in this species that coincided with the expansion of new leaves.
The main characteristic of the belowground phenology of E. cyclocarpum was a temporal separation between the peaks in fine root density and new sapwood growth, leaf production and reproduction. Increased fine root density was observed only after the onset of the rainy season and the number of dead roots increased with drought severity, suggesting that soil water content was the most important variable controlling fine root dynamics.
Although there are few reports on fine root phenology for tropical forests, particularly for tropical dry forest trees, similar conclusions have been reached in other seasonal ecosystems (McClaugherty et al. 1982 , Kavanagh and Kellman 1992 , Cuevas 1995 , Yavitt and Wright 2001 . For example, it has been shown that rainfall patterns influence fine root biomass and longevity, and that standing fine root biomass increases with the onset of the rainy season and declines over the course of the dry season in both a tropical savanna of northern Australia and a Malaysian tropical forest (Chen et al. 2004 , Green et al. 2005 . Rehydration of stems and buds after the production of absorbing roots that access soil water is a conceptual model to explain the phenological activity of dry-forest trees (Borchert 1994a (Borchert , 1994b . Our data, however, show that this is not the case for E. cyclocarpum, and other research shows the importance of internal pressure imbalances for tree water relations (Bucci et al. 2003) . Fine root production during the first rainfall events facilitates foraging and endo-symbiont colonization in a period when nutrient pulses release minerals contained in the decomposing litter, soil water content is high and soil temperature is ameliorated (Jaramillo and Sanford 1995) . However, this is not necessarily true for all dry-season flushing dry forest tree species (e.g., Dalbergia retusa; Ordóñez and Gutiérrez, unpublished data).
The environmental cues responsible for dry-season leaf flushing are unclear, although several variables have been proposed as possible triggers, including replenishment of soil water as a consequence of sporadic rainfall events at the end of the dry season (Frankie et al. 1974 , Reich and Borchert 1982 , 1984 , Bullock and Solís-Magallanes 1990 , Borchert 1994a , Williams et al. 1997 . At our study site, soil water content reached its lowest values just before dryseason leaf flushing was observed, and no precipitation was registered in either year before shoot expansion. Therefore, an increase in soil water content was not responsible for dry-season leaf flushing in E. cyclocarpum. Similar conclusions have been reached by Daubenmire (1972) , Wright and Cornejo (1990) and Borchert (1994b) .
Photoperiodic control of vegetative and reproductive phenology has been reported for several tropical plants (Njoku 1963 , 1964 , Lawton and Akpan 1968 , Nielsen and Muller 1981 , Bullock and Solís-Magallanes 1990 . At our study site, the timing of dry-season leaf flushing in two consecutive years differed by about 3 weeks, corresponding to a 13-min difference in day length, which represents a substantial proportion of the maximal variation in day length at this latitude (~75 min). Borchert (1994a) reported E. cyclocarpum phenological behavior as exceptional. We observed temporal variations in leaf flushing of E. cyclocarpum trees growing in the immediate vicinity and in climatic regions beyond the study site. Our observations indicate that changes in day length alone are not responsible for triggering leaf flushing and other phenological events in this species, although an indirect effect cannot be precluded.
Small increases in mean air temperature have been reported to stimulate bud break and leaf expansion (Njoku 1963, Gómez and Fournier 1996) . At our study site, dry-season leaf flushing events were correlated (r = 0.81; P < 0.05) with periods of maximal mean air temperatures (27) (28) o C). The apparently small increase of 2°C in the annual mean temperature may be important considering that the maximal annual variation is 6 °C.
Several authors have suggested that dry-season leaf flushing may serve as a mechanism to escape herbivory (Lieberman and Lieberman 1984 , Aide 1988 , 1992 , Murali and Sukumar 1993 , Van Schaik et al. 1993 . Dry-season flushing might allow cohorts of young leaves to complete development and establish chemical and structural defenses against herbivory, which typically increases at the beginning of the rainy season (Janzen 1973, Dirzo and Domínguez 1995) .
In conclusion, the ecological significance of dry-season leaf flushing in tropical dry forest species remains unknown. We showed that newly flushed leaves in E. cyclocarpum control water loss effectively and that growth of aboveground meristems is decoupled from fine root production. Further studies are needed to determine whether similar patterns are observed in other species that produce new leaves before the onset of the rainy season. Results obtained in other dry forest tree species (e.g., Dalbergia retusa; Ordóñez and Gutiérrez, unpublished data) indicate that diversity in belowground phenological behavior is common among the dry-season flushing species of the dry forest of Costa Rica.
